Obesogens are chemicals that predispose exposed individuals to weight gain and obesity by increasing the number of fat cells, storage of fats into existing cells, altering metabolic rates, or disturbing the regulation of appetite and satiety. Tributyltin exposure causes differentiation of multipotent stromal stem cells (MSCs) into adipocytes; prenatal TBT exposure leads to epigenetic changes in the stem cell compartment that favor the production of adipocytes at the expense of bone, in vivo. While it is known that TBT acts through peroxisome proliferator activated receptor gamma to induce adipogenesis in MSCs, the data in 3T3-L1 preadipocytes are controversial. Here we show that TBT can activate the RXR-PPAR␥ heterodimer even in the presence of the PPAR␥ antagonist GW9662. We found that GW9662 has a 10-fold shorter half-life in cell culture than do PPAR␥ activators such as rosiglitazone (ROSI), accounting for previous observations that GW9662 did not inhibit TBT-mediated adipogenesis. When the culture conditions are adjusted to compensate for the short half-life of GW9662, we found that TBT induces adipogenesis, triglyceride storage and the expression of adipogenic marker genes in 3T3-L1 cells in a PPAR␥-dependent manner. Our results are broadly applicable to the study of obesogen action and indicate that ligand stability is an important consideration in the design and interpretation of adipogenesis assays.
Introduction
The environmental obesogen model proposes that chemical exposure is a previously unappreciated risk factor for overweight and obesity [1] . Obesogens are functionally defined as chemicals, (dietary, endogenous, pharmaceutical, or xenobiotic), which, in combination with the more widely known and accepted factors of excess caloric input and reduced energy expenditure, predispose an exposed individual to subsequent weight gain and obesity (reviewed in [2, [3] [4] [5] [6] ). Obesogens can act by increasing the number of adipocytes or stem cells committed to the adipocyte lineage, or by altering basal metabolic rate, shifting energy balance to favor the storage of calories and by altering the hormonal control of appetite and satiety (reviewed in [2, [3] [4] [5] 7] ). An increasing number of ଝ Article submitted for the special issue on Endocrine disruptors.
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obesogens have been identified in recent years and this field of study is expanding rapidly.
One of the more well-understood obesogens is the organotin, tributyltin (TBT). We and others have shown that TBT exposure leads to increased differentiation of pre-adipocytes in vitro [8, 9] , increased deposition of fat in vivo [8] and differentiation of multipotent stromal stem cells (MSCs) into adipocytes in vitro [10, 11] . TBT and the related compound triphenyltin are high affinity agonists for two nuclear receptors that are important for adipogenesis: the peroxisome proliferator activated receptor gamma (PPAR␥) and the 9-cis retinoic acid receptor (RXR) [8, 9] . Prenatal exposure to TBT altered cell fate in the MSC compartment to favor the development of adipocytes at the expense of the bone lineage [10] . In accord with its molecular activity, we showed that TBT increased adipogenesis and adipogenic commitment in MSCs by activating PPAR␥ and that blocking PPAR␥ action with the potent and selective antagonist GW9662 strongly inhibited adipogenesis [10] . While it has not yet been demonstrated that TBT acts through PPAR␥ in the in vivo exposure model, it is clear that PPAR␥ activation is required for MSCs to enter the adipogenic pathway (reviewed in [12] ).
However, in contrast to what is known about the role of PPAR␥ in MSCs, the situation in murine 3T3-L1 pre-adipocytes is less clear. At least one group has shown that GW9662 is unable to inhibit TBT-mediated adipogenesis in these cells and they concluded that adipogenesis in 3T3-L1 cells might not be dependent on PPAR␥, or any other nuclear receptor for that matter [13] . Spiegelman and colleagues showed that PPAR␥ activity is required for adipogenesis in 3T3-L1 cells using the very low affinity PPAR␥ antagonist bisphenol A diglycidyl ether (BADGE) [14] . They subsequently demonstrated that while PPAR␥ itself was required (together with a functional AF2 activation domain), the ability of PPAR␥ to be activated by ligand appeared to be dispensable for adipogenesis; although, the presence of an endogenous PPAR␥ ligand could not be excluded [15] . Since 3T3-L1 cells are very commonly used and important model for adipocyte differentiation, we sought to understand these discrepancies and determine whether PPAR␥ activity was required for the induction of adipogenesis by TBT. There are at least four possible reasons to explain the observation that TBT could cause adipogenesis in 3T3-L1 cells but that this induction could not be blocked by treatment with GW9662 [13] . The first and most obvious is that the process is not PPAR␥ mediated as has been suggested by other investigators [13] . We considered this possibility unlikely due to the well-established requirement for PPAR␥ in the adipogenesis of 3T3-L1 cells [14] [15] [16] and our results in MSCs [10] . A second possibility is that the RXR-PPAR␥ heterodimer is permissive for RXR activation even in the presence of a PPAR␥ antagonist such that pro-adipogenic genes normally targeted by this heterodimer are activated despite the antagonist. A third possibility is that the agonists and antagonists have different relative stabilities or persistence in culture; although, there are no data available on this point. Lastly, TBT might act through RXR homodimers to induce adipogenesis via RXR-PPAR␥ target genes as has been described for 9-cis retinoic acid, or the synthetic rexinoid LG100268 in cell culture and in PPAR␣ knockout mice [17] . None of these possibilities has previously been explored.
We show here that the RXR-PPAR␥ heterodimer can be activated by TBT in transient transfection assays in COS7 cells, even in the presence of saturating amounts of GW9662; although, GW9662 completely blocks activation through PPAR␥. Using standard assay conditions, GW9662 was unable to block adipogenesis induced by TBT or by ROSI. We found that the half-life of GW9662 is extremely short in cell culture (∼2 h) compared with the PPAR␥ agonist ROSI (>24 h). When the cell culture regimen was altered to ensure an adequate supply of GW9662, we found that GW9662 strongly inhibited the adipogenic activities of ROSI and TBT as measured by cell morphology, triglyceride accumulation and expression of adipogenic genes. Therefore, PPAR␥ activity is required for TBT-induced adipogenesis in 3T3-L1 cells and we conclude that ligand stability is an important consideration when designing and interpreting the results of adipogenesis assays.
Results

The RXR-PPAR heterodimer is permissive for RXR activation
It was previously shown that the RXR-PPAR␥ heterodimer is permissive for RXR activation in the absence of a PPAR␥ ligand and that activation of this heterodimer was synergistic in the presence of both RXR and PPAR␥ ligands [18] . However, the responsiveness of the RXR-PPAR␥ heterodimer in the presence of a PPAR␥ antagonist was unknown. We tested the permissiveness of the RXR-PPAR␥ heterodimer by employing chimeric receptors that enabled us to distinguish whether PPAR␥ or RXR was being activated in the heterodimer. This system relies on the heterodimerization interface in the ligand binding domains of RXR and its heterodimeric partners [19] and utilizes a fusion between the GAL4 DNA-binding domain and the PPAR␥ ligand binding domain (GAL-PPAR␥) together with a construct containing only the ligand binding domain of RXR␣ (L-RXR␣) [20] . When GAL-PPAR␥ is transiently transfected into cells together with a GAL4-dependent reporter gene, it is activated by the PPAR␥ ligand ROSI as expected and this activation is strongly inhibited by GW9662 (Fig. 1a) . Similarly, TBT activates GAL-PPAR␥ and this activation is blocked by GW9662 in a dose-dependent manner (Fig. 1b) . When L-RXR␣ alone is transfected with the reporter, it is not responsive to ligands since there is no DNA-binding domain (Supplemental Fig. 1 ). However, when L-RXR␣ is co-transfected with GAL-PPAR␥ and the GAL4-reporter, the heterodimer is responsive to the PPAR␥ ligand ROSI (Fig. 1c) , to TBT ( Fig. 1d ) and to the RXR activator AGN195203 (Supplemental Fig. 1 ). GW9662 effectively blocks activation by ROSI on GAL-PPAR␥ in the presence of GAL-L-RXR␣ (Fig. 1c) . In contrast, GW9662 is almost completely unable to block activation by TBT on GAL4-PPAR␥ + L-RXR␣ (Fig. 1d ). This suggests that the RXR-PPAR␥ heterodimer is permissive for RXR activation even when PPAR␥ activation is blocked by GW9662, thereby providing one possible explanation for the inability of GW9662 to block TBT-mediated adipogenesis.
The PPAR antagonist GW9662 is unable to block adipogenesis mediated by TBT or ROSI
Considering that the RXR-PPAR␥ heterodimer is permissive for RXR activation in the presence of GW9662, we next tested the effects of TBT and ROSI on adipogenesis of 3T3-L1 cells in the presence or absence of GW9662 (Fig. 2 ) using standard adipogenesis assay conditions [8] . Adipogenesis was inferred by staining the cultures with the triglyceride-specific dye, Oil Red O. In accord with published results [13] we were unable to block the adipogenic effects of TBT by co-treating the cultures with GW9662 (Fig. 2) . Importantly, however, GW9662 did not block the ability of ROSI to induce differentiation either (Fig. 2) , an essential control that was absent from the previously published study [13] . This suggested that either published studies from other laboratories demonstrating that ROSI acts through PPAR␥ to induce adipogenesis in 3T3-L1 cells [8, 9, 14] are incorrect, or that there might be a difference in the relative stability of ROSI and TBT compared with GW9662 that could account for the inability of GW9662 to overcome the effects of ROSI or TBT.
GW9662 has a very short half-life in cell culture
To test the hypothesis that GW9662 might be short-lived in cell culture, we next tested the half-life of the various compounds in 3T3-L1 cells using mass spectrometric analysis. We treated 3T3-L1 cells with 1 M ROSI or GW9662, collected samples of media or cell pellets at different time points and analyzed the levels of ROSI or GW9662 in the extracts by mass spectrometry. Fig. 3 shows that whereas ROSI had a relatively long half-life in the supernatant and in the cell pellet (∼26 and ∼54 h respectively), GW9662 has a very short half-life in both the media and in the cell pellet (∼1.9 and ∼2.2 h respectively). Therefore, while GW9662 is sufficiently persistent to block PPAR␥ activity in the relatively short transfection experiments shown in Fig. 1 (less than 24 h treatment with ligands), it is unlikely to persist long enough in cell culture to inhibit adipogenic differentiation over the 7 day length of the adipogenesis assay. Thus, if one wishes to block PPAR␥ activity in adipogenesis assays, the supply of GW9662 must be replenished at regular intervals to maintain sufficient levels to block PPAR␥ activity.
Under appropriate conditions, antagonizing PPAR blocks TBT-and ROSI-mediated adipogenesis in 3T3-L1 cells
Considering these results, we redesigned the adipogenesis assays to include the addition of GW9662 at 8 h intervals through the differentiation process. 3T3-L1 cells were seeded into 12-well plates, allowed to reach confluency, then induced to differentiate with a standard cocktail containing insulin, isobutylmethylxanthine, and dexamethasone for two days, followed by treatment with DMSO solvent control, 50 or 100 nM TBT, or 100 nM ROSI. Some wells were stained with Oil Red O after 7 days, whereas others were extracted for triglyceride analysis or RNA prepared for gene expression analysis. Fig. 4a shows that under these conditions, 500 nM GW9662 strongly inhibited adipogenesis induced by 50 or 100 nM TBT or 100 nM ROSI. These results we confirmed by quantitative analysis of Oil Red O staining (Fig. 4b) and by quantitation of triglycerides from extracted cells (Fig. 4c) .
We next tested the effects of TBT or ROSI on expression of adipogenic genes in the presence or absence of GW9662 using quantitative real time RT-PCR (QPCR). Both TBT and ROSI elicited significant increases in the expression of adipogenic marker genes such as aP2 (FABP4) (Fig. 5a), adiponectin (Fig. 5b), leptin (Fig. 5c ) and perilipin (Fig. 5d) . In all cases, GW9662 strongly inhibited TBT-or ROSI-mediated increases in adipogenic gene expression, although it did not reach statistical significance in all instances (e.g., perilipin and adiponectin for TBT + GW9662). Taken together, these results indicated that GW9662 is able to block adipogenesis, triglyceride accumulation and the expression of adipogenic marker genes induced by either ROSI or TBT.
Discussion
Many investigations into adipocyte differentiation utilize preadipocyte cell lines such as 3T3-L1, or 3T3-F442A that are already committed to the adipocyte lineage, but which remain as fibroblasts in the absence of appropriate adipogenic stimulation (reviewed in [12] ). PPAR␥ is one of the key genes in adipocyte differentiation and is considered by many to be the "master regulator" of adipogenesis [12, 16] and it is reasonable to hypothesize that treating susceptible cells with PPAR␥ ligands will induce adipogenesis (reviewed in [7] ). As interest in the identity of chemical obesogens and their modes of action increases, it becomes critically important to have well-defined methods to determine which cellular pathways are being perturbed by obesogen action. Our study reexamined the molecular mechanisms through which TBT induced adipogenesis in 3T3-L1 cells since there had been an ongoing controversy about whether TBT regulates adipogenesis in these cells through a PPAR␥-dependent mechanism [13] .
One important test for whether a chemical acts through PPAR␥ is the ability of the adipogenic effect to be blocked by inhibiting the function of PPAR␥ using specific antagonists such as GW9662 [21] or T0070907 [22] . While it has been shown that the PPAR␥ antagonist T0070907 can block the ability of an adipogenic cocktail (containing isobutylmethylxanthine, insulin and dexamethasone) to induce adipogenesis in 3T3-L1 cells [22] , relatively few studies have examined the effects of GW9662 on the induction of adipogenesis in these cells [13] , particularly in response to treatment with candidate obesogens. In contrast, many studies have linked the induction of adipogenesis-related genes in mature adipocytes, with a requirement for PPAR␥ activation that can be blocked by GW9662 [23] [24] [25] [26] .
Spigelman and colleagues demonstrated that the synthetic compound bisphenol A diglycidyl ether was an antagonist of PPAR␥ at high levels (∼100 M) and could inhibit the induction of adipogenesis in 3T3-L1 cells by ROSI [14] . More recently, the same group showed that a mutated PPAR␥ that is unable to be activated by ligands still supported adipogenesis in 3T3-L1 cells, which could be interpreted to suggest that ligand activation of PPAR␥, per se, is not required for adipogenesis [15] . They were careful to note that the level of PPAR␥ protein might be sufficient to obviate the need for ligand activation since this receptor has a significant amount of ligand-independent activation in transfection assays and that there might be an endogenous, albeit unidentified ligand for PPAR␥ [15] . They did show that the AF-2 transcriptional activation domain of PPAR␥ was required for adipogenesis, suggesting that PPAR␥ is acting as a transcriptional activator, irrespective of whether this is dependent on the presence of ligand [15] . This leaves open the question whether activation of PPAR␥ is required for adipogenesis in 3T3-L1 cells.
We and others have shown that organotins such as TBT [8, 13] and triphenyltin [9, 27] bind to PPAR␥ and RXRs [28] with nanomolar affinity. Moreover, organotins induce adipogenesis in 3T3-L1 cells [8, 9, 13, 27] and in adipose-derived [10] and bone-marrow derived [11] MSCs. Only in the case of the adipose derived MSCs has it been convincingly shown that PPAR␥ activation is required for the adipogenic activity of TBT and ROSI [10] . One group has suggested that TBT acts through a non-PPAR␥ mediated pathway to induce adipogenesis in 3T3-L1 cells [13] . However, considering the high affinity binding of TBT to RXR and PPAR␥, it seems more likely that TBT is acting through one of these receptors to induce adipogenesis.
We sought to address the issue of whether TBT induces adipogenesis by a PPAR␥-dependent or PPAR␥-independent pathway by testing alternative possibilities. We found that the RXR-PPAR␥ heterodimer is permissive for RXR activation even in the presence of the PPAR␥ antagonist GW9662 (Fig. 1) , which suggested that TBT could act on the same target sites through the RXR half of the heterodimer. While this could be a plausible mechanism for TBT-induced adipogenesis in 3T3-L1 cells, it does not explain our observation (Fig. 2) that GW9662 was unable to inhibit adipogenesis induced by treatment with ROSI. Considering this finding, we explored the relative stability of ROSI and GW9662 in the culture medium and cellular fraction. Surprisingly, we found that while the stability of ROSI was greater than 24 h in either the medium or cells, GW9662 was quickly eliminated from both the cells and medium with a half-life of ∼2 h. When we increased the frequency of GW9662 addition to account for its short half-life, Fig. 4 . Effect of TBT, ROSI and GW9662 on the differentiation of 3T3-L1 cells. (A) 3T3-L1 was differentiated into mature adipocytes by the addition of an adipogenic cocktail for 2 days, followed by supplementation with 50 or 100 nM TBT or 100 nM ROSI (top panels) or the same ligands plus 500 nM GW9662. Cells were stained with Oil Red O 7 days after the differentiation cocktail was added. Representative pictures were presented for each treatment. (B) Lipid accumulation was quantified by Image J software and average area fraction was presented. Data were shown as means ± SEM for triplicate samples. 6 individual pictures were quantified and averaged for each sample. Data are expressed as average area fraction in n = 3 replicates ± SEM (n = 6 per well). (C) Cellular triglycerides were extracted, quantitated and the results normalized to cellular DNA content. Data are expressed as mg triglyceride/mg cellular DNA and are presented as means ± SEM for triplicate samples.
GW9662 was able to block adipogenesis elicited by ROSI or TBT (Fig. 4) as well as the induction of PPAR␥ target genes such as aP2 (FABP4), adiponectin, leptin and perilipin (Fig. 5) . Taken together, we interpret these data to indicate that TBT acts through PPAR␥ in 3T3-L1 cells to induce adipogenesis and the expression of PPAR␥ target genes. We conclude that PPAR␥ activity is required for adipogenesis in 3T3-L1 cells and that ligand stability is an important consideration when designing and interpreting the results of adipogenesis assays.
Our results have important implications for the design and interpretation of adipogenesis assays that seek to test the pathways through which candidate obesogens might act. If GW9662 is not supplemented into the medium frequently enough, it is possible to make the erroneous inference that the candidate chemicals are acting through a non-PPAR␥-dependent pathway. We suggest that in order to avoid such mistakes, it is essential to utilize ROSI (or another strong PPAR␥ activator) as a positive control in adipogenesis assays. Another indispensable control must be that GW9662 (or some other PPAR␥ antagonist) can block the induction of adipogenesis by ROSI before concluding that the antagonist does or does not inhibit the activity of another candidate compound.
Considering the increasing interest in testing chemicals for their ability to induce adipogenesis, our results will be broadly applicable to the study of candidate obesogens and their mechanisms of action.
Methods
Transfection assays
pCMX-GAL4 and fusion constructs to nuclear receptor LBD [GAL4-hPPAR␥] have been previously described [8] . The use of L-RXR␣ as a specific probe to assess the activation of RXR, independently of its heterodimeric partners was previously reported [20] . Transfections were performed in Cos7 cells essentially as described elsewhere using MH100-x4-TK-Luc as reporter and normalized to pCMX-␤-galactosidase controls [29] . Briefly, Cos7 cells were seeded at 5000 cells per well in 96-well tissue culture plates in 10% fetal bovine serum/DMEM and transfected for 8 h with 11 g/plate of DNA/calcium phosphate precipitate mix (MH100x4-TK-Luc:CMX-␤-galactosidase:nuclear receptor effector(s) at a ratio of 5:5:1). Cells were washed free of precipitate with PBS and media were replaced with a serum free medium DMEM-ITLB (DMEM containing 3T3-L1 cells were differentiated into mature adipocytes by the addition of an adipogenic cocktail for 2 days followed by treatment 50 nm TBT or 100 nM ROSI in the presence or absence of 500 nM GW9662 which was added every 8 h during the differentiation process. RNA was collected from the cells on day 7, followed by real time RT-PCR for gene expression analysis. Data were presented as mean fold induction ± SEM compared with DMSO vehicle for triplicate samples. *P < 0.5, **P < 0.01 and ***P < 0.001. Experiments were repeated at least twice.
5 g/mL insulin, 5 g/mL holo-transferrin, 5 g/mL selenium, 0.5% defined lipid mix (Invitrogen), 0.12% w/v delipidated bovine serum albumin (Sigma)) plus ligands for an additional 24 h before assays for luciferase and ß-galactosidase activity {Grun, 2006 #569}. All transfection data points were performed in triplicate, and all experiments were repeated at least three times.
3T3-L1 cell culture
3T3-L1 cells were maintained in DMEM supplemented with 10% FBS, 2 mM l-glutamine, 50 U/mL penicillin and 50 g/mL streptomycin. For differentiation, 3T3-L1 cells were plated at a density of 5000 cells/cm 2 on 12-well plates and cultured until 2 days post confluence. At this time, they were switched to a differentiation medium containing 10% FBS, MDI (5 g/mL insulin, 0.25 M dexamethasone and 0.5 mM 3-isobutyl-1-methylxanthine), 8 g/mL biotin, 8 g/mL pantothenate 50 U/mL penicillin and 50 g/mL streptomycin. After 2 further days of incubation, cells were maintained in DMEM/10% FBS, biotin, pantothenate, penicillin, streptomycin containing TBT or ROSI at the concentrations indicated in the figure legends. For antagonist assays, GW9662 was added to 500 nM into the medium every 8 h for 7 days. Cells were harvested for subsequent assays 7 days after addition of the differentiation cocktail. All experiments were repeated at least three times.
Triglyceride assays
3T3-L1 culture and induction of adipogenesis were performed in 12-well plates as described above. After 7 days of differentiation, cells were washed with PBS, the aqueous medium aspirated and total lipid extracted by adding 1 mL of hexanes:isopropanol (3:2 v/v) to the plates and shaking for 1 h. The organic layer was collected to glass 13 mm × 100 mm test tubes, dried under a stream of argon gas and solubilized in 300 L of chloroform containing 1% Triton-X100. Samples were dried again under argon, resuspended in 200 L of pure water and incubated at 37 • C for 1 h to ensure dissolution. Triglycerides were quantified using the Infinity Triglyceride kit (Thermo Scientific) and normalized to cellular DNA content. For DNA extraction, cells were homogenized in buffer containing 0.1 M NaOH, 0.1 M NaCl, 20 mM EDTA, followed by centrifugation. 100 L of supernatant was collected and mixed with 1 mL of 10 mM MOPS (free acid), pH 4.6, and DNA concentration was determined by A 260 measurement.
Oil Red O staining and analysis
Cells were washed twice with PBS and fixed in 10% formalin in PBS for 15 min, rinsed with 60% isopropyl alcohol, and stained with 0.3% Oil Red O in 60% isopropanol for 30 min. Cells were then rinsed twice with 60% isopropyl alcohol and mounted in 30% glycerol. Lipid accumulation was quantified as previously described [10] using Image J (version 1.36b; Wayne Rasband). Data represent mean ± SEM from n = 3 wells per treatment and n = 6 pictures per well.
Analysis of mRNA by real-time reverse transcriptase polymerase chain reaction
Total RNA was extracted using the TRIzol reagent (GIBCO-BRL, Gaithersburg, MD). Complementary DNA was generated from 1 g 
Mass spectrometric analysis
3T3-L1 cells were seeded into 10 cM dishes and grown to 80% confluency in DMEM + 10% FBS. Media was then aspirated and replaced with 15 mL of fresh medium containing 1 M of ROSI or GW9662. After 5 min, a 1 mL aliquot of media was taken and frozen at −80 • C as T = 0 h. Plates were incubated in a CO 2 incubator at 37 • C in 5% CO 2 in air for 1, 2, 4, 8, 12, 24, 36 or 48 h. Samples for analysis of media were taken from the same plate at successive intervals. For cellular fractions, plates were treated in parallel in the same manner. At the end of each time point, the medium was aspirated, the cells trypisinized and stored at −80 • C until all samples were ready. Triplicate samples of 300 L of media or cell pellets resuspended in 300 L of distilled H 2 O were spiked with dexamethasone at 1 M (as an internal standard) and extracted with an equal volume of ethyl acetate. After vigorous vortexing for 2 min, the phases were separated by centrifugation and the organic phase removed to an autosampler vial. The samples were evaporated to dryness in a SpeedVac concentrator, then resuspended in 100 L of 50% methanol in distilled H 2 O. Samples were analyzed on a Waters Quattro Premier XE triple quadrupole tandem mass spectrometer and values obtained for ROSI or GW9662 normalized to dexamethasone to correct for extraction efficiency. All experiments were repeated at least twice.
